Abstract: Muscadine grapes are high in phytochemicals beneficial to humans, such as resveratrol and ellagic acid. Four studies were conducted to explore the relationship between phytochemical content, berry quality, and disease control following full season or early season applications of fungicides. In each study foliar and fruit diseases were lower in the full season treatment compared to the control, and some treatments with fewer applications reduced fruit diseases to the same level as the full season treatment. In Study 1 the full season (9 applications) and azoxystrobin treatments (3 applications) resulted in significantly lower berry disease scores than the control treatment. There were no significant differences in vine vigor, foliar diseases, or bitter rot scores among treatments where fungicide applications were stopped at various preharvest intervals ranging from 56 to 0 days (Study 3), or in disease scores between the full season (8 applications) and early season treatments (4 applications) of six fungicide treatments (Study 4). Sugar levels were highest in berries from the full season, azoxystrobin, and control fungicide treatments, and berries from the least efficacious treatments for disease control had almost ten times as much resveratrol as those from the most efficacious treatments (Study 1). Ellagic acid and resveratrol levels were lower in berries from fungicide treated vines than from untreated vines (Study 3). The number of fungicide applications can be reduced to as few as four without an increase in berry disease scores; however, when diseases of muscadine grapes are controlled, levels of beneficial phytochemicals may decrease.
INTRODUCTION
Muscadine grapes (Vitis rotundifolia Michx., synonym Muscadinia rotundifolia (Michx.) Small) are native to the southeastern U.S. [1] . These grapes are very productive and most commercial cultivars are tolerant to Pierce's Disease, a bacterial disease which limits the production of V. vinifera grapes in many parts of the southeastern U. S. [2] . The fruit has a distinctive taste and aroma, and the juice is sweet and low in acidity. Muscadine grapes are high in phytochemicals such as resveratrol and ellagic acid that have been shown to prevent heart disease and cancer in humans [3] [4] [5] [6] . Resveratrol is a phenolic compound that has been shown to lower serum lipids [7] , inhibit platelet aggregation in the blood [8, 9] , and inhibit oxidation of human low-density lipoprotein [10] . The potential value of resveratrol in the prevention and treatment of cancer has been suggested by various laboratory assays in which resveratrol inhibited cellular events associated with tumor initiation, promotion and progression [11] [12] [13] . Ellagic acid has been associated with health benefits in humans including the prevention of cancer. It is absent in other Vitis species but is present in high levels in muscadine grapes and is found in other fruits including raspberry, strawberry, and blackberry [14] . In muscadine grapes, ellagic acid is expressed as free ellagic acid, ellagic acid glycosides, and ellagitannins [15] . Pezzuto [16] concluded "that regular daily consumption of grapes could help maintain heart health, and potentially help to protect against the onset of aging, as well as the onset of some diseases associated with aging, such as certain cancers and neurodegeneration." This statement certainly applies to muscadine grapes that have many of the same phytochemicals as other Vitis species and also have high levels of ellagic acid.
Resveratrol and other stilbenes found in a number of plant families are considered to be phytoalexins, i.e., compounds produced by the plant as a chemical defense response to diseases, environmental stress, preharvest treatment with a plant activator, or genetic manipulation [16] [17] [18] [19] [20] [21] [22] . Resveratrol production by Vitis sp. occurs in response to fungal infection, ultraviolet irradiation, and mechanical injury [23] . The association between phytoalexins and disease resistance in Vitis sp. has been well-documented [24, 25] . Magee et al. [26] reported that the level of resveratrol in muscadine grapes is reduced when fruit diseases are controlled by fungicide applications.
Muscadine grapes generally are more resistant to diseases than bunch grapes [27, 28] ; however the warm humid environment of the southeastern U. S. favors development of fungi that cause fruit and foliar diseases. Important fruit diseases of muscadine grapes in south Mississippi include: bitter rot [ Control of berry diseases of muscadine grapes is necessary to minimize yield loss and to ensure the highest quality fresh-market berries. Fungicides are very effective for control of both fruit and foliar diseases, but they are expensive to purchase and apply. This cost can be lowered if effective fungicides are applied on a reduced schedule while maintaining effective disease control. However, a previous study [26] indicated that effective fruit disease control may result in reduced quantities of resveratrol and other beneficial phytochemicals in the fruit. Therefore, it is desirable to identify fungicide application schedules that are effective in reducing berry diseases without reducing phytochemical content.
The objectives of the four studies in this paper were to compare the efficacy of fungicides applied at regular intervals over a full season to those applied on a reduced schedule for control of fruit and foliar diseases of muscadine grapes and to determine the effect of the individual fungicides and various spray schedules on fruit yield, quality, and phytochemical composition. In the first study, the efficacy of a full season fungicide spray program composed of four fungicides was compared to that of each individual fungicide on control of fruit and foliar diseases and on fruit quality. Quality parameters included pH, soluble solid concentration (SSC), titratable acidity (TA), SSC/TA ratio, and sugar, organic acid, and phytochemical content. The second study compared the efficacy of five fungicides for control of fruit and foliar diseases. The objective of the third study was to determine the effect of various fungicide application schedules on fruit and foliar diseases and to determine the relationship between disease incidence and phytochemical content. The fourth study compared the efficacy of four fungicides applied individually or alternated with other fungicides using either a full season or an early season schedule.
MATERIALS AND METHODOLOGY

Vineyard Management
Vines of the bronze-fruited muscadine grape cultivars, 'Carlos', 'Doreen', and 'Summit', were established in a randomized complete block design consisting of four or five rows of each cultivar at the U.S. Department of Agriculture, Agricultural Research Service (USDA-ARS) Thad Cochran Southern Horticultural Research Unit vineyards in McNeill, Mississippi. Vines were drip-irrigated and maintained following cultural practices recommended by the Mississippi State University Cooperative Extension Service [30] . Vines were 9 to 12 years old, and each plot consisted of a single vine trained to a Geneva double curtain trellis with 6 m arms. Treatments were randomly assigned within each row of each cultivar. Fungicides were applied with a tractor-mounted air blast mist sprayer (Study 1) or high pressure hand gun sprayer (Studies 2 -4).
Foliar and Fruit Disease Ratings
Foliar disease ratings were made just before harvest using a visual rating scale. Symptoms of bitter rot leaf spot, black rot leaf spot, angular leaf spot and Pierce's disease were each rated on a scale of 0 = no symptoms to 5 = severe symptoms. Fully ripe berries were hand-harvested into field lugs, and random 1-L samples were taken from each lug for disease ratings and chemical analyses. Two independent observers scored 25 berries individually for each of four berry rot diseases (bitter rot, ripe rot, Macrophoma rot and black rot) on a scale of 0 = no symptoms, 1= very mild symptoms, 2 = moderate symptoms, and 3 = severe symptoms, berries inedible [29] .
Quality Analysis
Soluble solid concentration (%) (SSC) of the juice was measured using an Atag N-20 hand refractometer at 20 °C, and results expressed in °Brix. Titratable acidity (TA) (tartaric acid in g/L) was measured by placing 5 ml of juice into 100 ml of deionized water and titrating with 0.1 N sodium hydroxide to an end point of pH 8.2. The results were also expressed as the ratio between SSC/TA which is a measure of the maturity of fruit at harvest.
Resveratrol, ellagic acid, sugar, and organic acid levels in the fruit were determined by high-performance liquid chromatography (HPLC). Identification and quantification were done by comparison of sample peaks with those of external standards. Fruit was harvested at the full ripe stage, immediately frozen, and held for analysis. Berries were thawed, cut in half longitudinally, seeds removed, and pulp and freeflowing juice separated from the skins by finger pressure. Pulp/juice samples were frozen and lyophyllized. Skins were rinsed with deionized water, dried at 35 o C under forced air draft and ground to a fine powder in a laboratory mill. The dried components were held at -20 o C until analyzed.
Samples were extracted for resveratrol and ellagic acid analysis using a procedure similar to that described by Dercks and Creasy [31] . One gram of sample was homogenized (Brinkman PT1035) for 30 sec in 20 mL of 80% (v/v) methanol. The homogenate was sonicated 30 min and centrifuged at 2000 g for 20 min. The supernatant was transferred to a graduated conical tube and concentrated to 4 mL by evaporating the methanol in a water bath at 40 o C under nitrogen. Six mL of 3% NaHCO 3 was added and the aqueous phase extracted twice with 10 mL of ethyl acetate. Ethyl acetate fractions were combined and evaporated to dryness under nitrogen at 40 o C. Resveratrol was analyzed by GC/MS (Hewlett-Packard 5989A mass spectrometer coupled to a Hewlett-Packard 5890 Series II gas chromatograph, Palo Alto, CA) with a DB5.625 capillary column (J&W Scientific, Inc., Folsom, CA), 30 m long x 0.25 mm I.D. x 0.25 m film. One L (splitless) injection of derivatized solution was made with the following temperature conditions: injection port held constant at 250 o C, oven temperature held at 120 o C for 1 min then ramped at 20 o C/min to 325 o C and held at this temperature for 5 min. The ion source was at 250 o C and the quadruple at 100 o C. Helium at a flow rate of 1.8 mL/min was the carrier gas. The retention time of derivatized standard resveratrol at these conditions was 12.10 + 0.02 min.
Dried muscadine grape extracts were dissolved in methanol and 50 L aliquots were dried under nitrogen and treated with 100 L of 1:1 dimethylformamide:N,O-bis-(trimethylsilyl)trifluoroacetamide (Pierce, Rockford, IL). The solutions were heated at 70 o C for 30 min prior to injection. Resveratrol was quantified on the tris-trimethylsilyl derivative m/z 444. Resveratrol was detected with a UV-Vis at 310 nm and ellagic acid was detected at 255 nm. Solutions of resveratrol and ellagic acid (Sigma, St. Louis, MO) in methanol were prepared for the calibration curve, and 50 L of each was treated in the same fashion as were the samples. For each sample, peak area was measured and concentration calculated from the standard curve. Concentration of resveratrol is reported as g/g on a dry weight basis for each component and ellagic acid is reported as mg/L. Sugars and organic acids were determined following a modification of the procedure reported by Kalt and McDonald [32] . Samples for HPLC analysis of sugars and organic acids were prepared by homogenizing 20 g of the frozen juice/plup (Brinkmann PT 10/35 Homogenizer) and centrifuging to remove solids. Six ml of the supernatant was diluted with 2 parts deionized water and passed through a SepPak 18 cartridge that had been rinsed with 5 ml methanol followed by 5 ml of deionized water. The last 4 ml of juice effluent was collected and filtered through a Millex-HV Filter, 0.45 m, syringe filter (EMD Millipore Corporation, Billerica, MA). Sugars in a 20-μl sample were separated with 75% acetonitrile/25% water (2.5 ml•min-1) on a Supelcosil LC-NH2 HPLC Column (5 μm particle size, L I.D. 25 cm 4.6 mm) (Sigma-Aldrich Co, St. Louis, MO) and detected by their refractive index using a Waters 401 Refractive Index Detector. Organic acids in a 20-μl sample were separated on a Aminex HPX-87H organic acid HPLC column (Bio-Rad Laboratories, Inc., Richmond, CA). The mobile phase was 0.005 M H 2 SO 4 sulfuric acid with at a flow rate of 0.6 ml•min-1 at 35°C. Organic acids were detected at 214 nm with a Waters 486 Tunable Absorbance detector. Sugars and organic acids were identified by comparison with retention times of pure standards (Sigma Chemical Co., St. Louis).
Study 1
Vines of the cultivars, 'Summit', 'Doreen', and 'Carlos', were treated with four fungicides (myclobutanil, azoxystrobin, benomyl, and captan) applied with a tractormounted air blast mist sprayer from early bloom until just before harvest ( Table 1) . Vines in the "Full" treatment were treated with the following fungicides applied in order on a 10-day interval: myclobutanil, benomyl, azoxystrobin, myclobutanil, captan, azoxystrobin, captan, azoxystrobin, and captan for a total of nine applications to 'Summit' and 'Carlos'. An additional application of azoxystrobin was applied to 'Doreen'. Control vines received no fungicide applications.
Study 2
Five fungicides (myclobutanil, azoxystrobin, tebuconazole, fenhexamid, and a commercial mixture of cyprodinil and fludioxonil) were applied to vines of the cultivar, 'Carlos' ( Table 1) . Fungicides were applied to only one side of each vine in any effort to determine if there was any evidence of systemic movement of any of the fungicides from one side of the vine to the other. Myclobutanil, azoxystrobin, tebuconazole, fenhexamid, and cyprodinil are considered locally systemic. Each of the five fungicides was applied individually at 30-day intervals as indicated in Table 1 . A full season treatment of 12 applications in which three fungicides, myclobutanil, azoxystrobin, and tebuconazole, were alternated on10-day interval was also included.
Study 3
Three fungicides (myclobutanil, azoxystrobin, and tebuconazole) were applied to vines of the cultivars, 'Doreen' and 'Summit', on a season long schedule alternating the three fungicides in sequence ( Table 1) . The fungicides were applied to only one side of each vine. Applications were made every ten days beginning at bloom and were discontinued at various intervals (56, 42, 28, 14, 7, 4, 2, 1, and 0 days) before harvest. The number of applications varied from six (two of each fungicide) to 12 (four of each fungicide) depending on the interval between the last fungicide application and harvest. Each treatment and an unsprayed control were replicated five times.
Study 4
Four fungicides (azoxystrobin, tebuconazole, myclobutanil, and a commercial mixture of cyprodinil and fludioxonil) were applied to vines of 'Carlos' and 'Summit' ( Table 1 ). In the full season treatments, each fungicide was applied starting at bloom and continuing on a 10-day schedule until harvest for a total of eight applications. For the early season treatments, fungicide applications were discontinued to one side of each vine after the fourth application. Each fungicide was also alternated with each of the other three fungicides and applied on the same 10-day schedule as the individual fungicides. All four fungicides were also applied in sequence for a total of two applications of each of the four fungicides over the full season and one application of each fungicide in the early season treatment. No fungicides were applied to the vines in the control treatment. Each treatment was replicated four times.
Statistical Analysis
Each experiment was designed as a randomized complete block. Data were analyzed using SAS statistical software (version 8.2; SAS Institute, Cary, NC). Treatment means were separated at the 5% significance level by Fisher's protected least significance difference test.
RESULTS
Study 1
There were significant differences among the three cultivars and the six fungicide treatments in vine vigor and foliar and fruit disease scores ( Table 2) . 'Carlos' received higher bitter rot leaf spot scores and lower vine vigor scores than 'Summit' and 'Doreen'. 'Summit' received lower black rot leaf spot scores than the other two cultivars. Control vines which received no fungicide application and those treated with myclobutanil had the highest bitter rot leaf spot and black rot leaf spot scores, while vines receiving the full season fungicide treatment had the lowest foliar disease scores and the highest vine vigor score. There were no differences in angular leaf spot or Pierce's disease scores due to fungicide treatments (data not shown). There was not a significant interaction between cultivar and fungicide treatment for foliar disease or vine vigor scores.
'Carlos' had the lowest total fruit disease, bitter rot, and Macrophoma rot scores, as well as the highest percentage of berries with no visible disease symptoms. 'Doreen' had the highest total disease, bitter rot, Macrophoma rot, and ripe rot scores, and the lowest black rot score. The full season treatment resulted in the lowest total disease score and the most berries with no visible symptoms. Berries from the full season and the azoxystrobin treatments had significantly lower total disease, bitter rot and Macrophoma rot scores and more berries with no visible symptoms. Berries from the myclobutanil and control treatments received the highest total disease and bitter rot scores and had the fewest berries with no visible symptoms.
'Carlos' had significantly higher yield than 'Summit' or 'Doreen', while 'Carlos' berries were the smallest and 'Summit' berries were the largest of the three cultivars ( Table 3) . 'Doreen' berries had more than four times higher total resveratrol than the other two cultivars. 'Carlos' berries had the highest total organic acid and total sugar content. Vines receiving the full season, azoxystrobin, and myclobutanil fungicide treatments had higher yields than untreated vines when averaged across the three cultivars, but there were no significant differences in berry size due to fungicide treatment ( Table 3 ).
Significant differences due to fungicide treatments were found in several quality parameters including pH, TA, sugars, acids, and resveratrol content ( Table 3) . Berries receiving the full season, azoxystrobin, and control fungicide treatments had the highest sugar levels (fructose, glucose, and total). Total resveratrol content was lower in berries from the full season and azoxystrobin treatments than in berries from the other fungicide treatments. There was a significant cultivar by fungicide interaction in pH, fructose, glucose, total sugars, and cis-and total resveratrol levels. 'Doreen' berries from the least efficacious treatments (control, myclobutanil, captan, and benomyl) had almost ten times as much resveratrol as those from the most efficacious full and azoxystrobin treatments. Resveratrol content of 'Carlos' and 'Summit' berries was significantly lower than that of 'Doreen', but 'Summit' berries receiving the control and captan treatments still had higher resveratrol levels than berries from the other treatments.
Study 2
Only one side of each vine in this study received fungicide treatments, i.e. "spray" treatments. The other side of each vine was not sprayed with the fungicide, i.e. "no spray" treatment. There were no significant differences in vine vigor scores between the sprayed and not sprayed side of vines in any treatment ( Table 4) . There were significant differences in bitter rot leaf spot disease scores between the sprayed and not sprayed sides of vines receiving the full season and azoxystrobin treatments; however, the bitter rot score on the not sprayed side of the vines was not significantly lower than that of the control vines. The most vigorous vines were those that received full season treatment on both the sprayed and not sprayed sides of the vines. There were no differences in black rot leaf spot, angular leaf spot, or Pierce's disease scores due to fungicide treatments (data not shown).
The percentage of berries with no disease symptoms was significantly different between the sprayed and not sprayed sides of the vines in all fungicide treatments in Study 2 except for the tebuconazole treatment ( Table 4) . Berries from the sprayed side of vines receiving the cyprodinil and fludioxonil combination treatment had lower total disease and bitter rot scores than berries from the not sprayed side of the vines. Bitter rot scores of berries from the sprayed side of the full treatment were less than half the score from the not sprayed side of vines in the full treatment. There were no significant differences due to fungicide treatment in ripe rot or black rot disease scores (data not shown).
There were no significant differences in vine vigor, bitter rot leaf spot, or Macrophoma fruit rot scores between the untreated control vines and the "not sprayed" side of the fungicide treated vines. The only significant difference between the untreated control vines and the "not sprayed" side of the fungicide treated vines occurred in the bitter rot and total disease scores and the percentage of berries with no disease symptoms from the azoxystrobin treated vines. The difference between the 'not sprayed' and 'sprayed' sides of the azoxystrobin treated vines was significant for the percentage of berries with no disease symptoms but not for the bitter rot and total disease scores.
Study 3
'Doreen' vines received significantly higher vigor ratings and black rot leaf spot severity ratings than 'Summit' vines ( Table 5) , but there were no differences between the cultivars in bitter rot leaf spot, angular leaf spot, or Pierce's Disease ratings (data not shown). One side of each vine in the fungicide treatments received fungicide applications (spray treatment) while the other side did not (no spray treatment). Vines in the control treatment did not receive any fungicide applications. While both bitter rot and black rot leaf spot ratings were low, their ratings on the control vines and on the not sprayed side of fungicide treated vines were significantly higher than on the sprayed side. There were no significant differences in vine vigor or foliar diseases scores due to the number of days between the last fungicide application and harvest for either cultivar (data not shown).
Bitter rot and total fruit disease severity scores were lower and the percentage of asymptomatic berries and ripe rot score were higher for 'Doreen' than for 'Summit' ( Table 5) . Berries from the sprayed side of vines had more asymptomatic berries and lower bitter rot, Macrophoma rot, and total disease scores than berries from the unsprayed side of vines or from the control vines. Among berries from the sprayed side of vines, 'Doreen' had more asymptomatic berries and lower bitter rot and lower total disease scores than 'Summit'; however, 'Doreen' berries had higher Macrophoma rot and ripe rot scores than the 'Summit' berries. Among the berries from the sprayed side of the vines there were no significant differences in the percentage of asymptomatic berries or in the bitter rot disease scores due to the number of days between the last fungicide application and harvest. There were significant differences in the Macrophoma rot, ripe rot, and total diseases scores due to the number of days between the last fungicide application and harvest, but there were no differences in the total disease scores between berries receiving their last fungicide application on the day of harvest and those that received the last application 14 to 56 days before harvest.
'Summit' berries were larger, had lower pH, SSC, and TA values, and a higher SSC/TA ratio than 'Doreen' berries ( Table 6 ). Berries from the sprayed side of vines were larger, had higher pH, and lower SSC and TA values than berries from control vines or from the not sprayed side of vines. There was a highly significant cultivar by days before harvest interaction for all quality parameters. 'Doreen' berries in the spray treatment harvested 42 days after the last fungicide application had smaller berries, higher pH, SSC, and SSC/TA ratio, but a lower TA value than those with other intervals between the last fungicide application and harvest. There were significant differences in the SSC, TA, and SSC/TA ratio due to the number of days between the last fungicide application within 'Summit' berries from the spray application; however there was not a discernable pattern to these differences. 'Summit' berries had higher fructose, glucose, total sugar, and total ellagic acid levels than 'Doreen' berries (Table 7). There were no significant differences in sugar content due to type of fungicide application (spray, no spray, or control), but ellagic acid content was lower in berries from the spray application. There were significant differences in sugar content due to the number of days between the last fungicide application and harvest with the highest concentration of glucose, fructose, and total sugar in the berries with zero and seven days between the last fungicide application and harvest. Lower levels of ellagic acid were found in berries harvested zero and 56 days after the last fungicide application than from berries harvested at other intervals. 'Doreen' berries had higher levels of each of the organic acids compared to 'Summit' ( Table 8) . There was not a significant main effect due to application type (spray, no spray, or control) or days between the last fungicide application and harvest in any organic acid content (data not shown); however, there were significant interactions between application type and cultivar and between application type and days before harvest in citric acid, tartaric acid and total acid content. Among the berries from the sprayed side of the vines, levels of each of the organic acids except tartaric acid were higher in 'Doreen' than in 'Summit', and there was a general trend of higher organic acid levels in berries from vines that received their last fungicide application a week or less before harvest. The lowest levels of organic acids were from berries that received their last fungicide application a week or more before harvest.
Total resveratrol content was more than three times higher in skins of berries from the "Control" and "No Spray" treatments than in those from the "Spray treatment" for each of the two cultivars ( Table 9) . Total and trans resveratrol were higher in skins of 'Doreen' berries than those of 'Summit' berries from each of the application treatments. Resveratrol content of berries from all the days before x Foliar disease severity rated on a scale of 0 = no foliar symptoms to 3 = severe symptoms. Vine vigor rated of scale of 0 = vine dead to 5 = most vigorous vine. y Fruit disease severity rated on 25 berries on a scale of 0 = no symptoms to 3 = severe symptoms, berry inedible. z Means followed by different letters within a column and within cultivar and treatment are significantly different (P = 0.05) based on Fisher's LSD.
harvest "spray" treatments was very low compared to that of the "no spray" and "control" treatments.
Study 4
This study compared the efficacy of four fungicides applied individually, alternated with another fungicide, or as part of a full season schedule for control of diseases of the cultivars, 'Summit' and 'Carlos'. One side of each vine was sprayed with fungicides beginning at bloom and continuing until mid-summer (early season treatment). The other half of each vine received eight fungicide treatments beginning at bloom continuing until harvest (full season treatment). There was no significant difference between early season and full season treatments in foliar disease scores or in vine vigor (Table 10) . For both the early season and full season treatments, 'Carlos' received higher vine vigor, and total, bitter rot and black rot leaf spot scores than 'Summit'. There were no significant differences among early season fungicide treatments in foliar disease scores or vine vigor scores. Among the vines receiving the full season fungicide treatments the only significant differences occurred among the bitter rot leaf spot and total leaf spot scores. Compared to the control, five of the full season fungicide treatments reduced bitter rot leaf spot scores; azoxystrobin, tebuconazole, tebuconazole alternated with the cyprodinil/fludioxonil mixture, azoxystrobin alternated with the cyprodinil/fludioxonil mixture, and myclobutanil alternated with tebuconazole. Vines receiving the full season treatment azoxystrobin had a significantly lower total foliar disease score compared to the control vines.
'Carlos' berries had more asymptomatic berries, and lower Macrophoma rot scores than 'Summit' berries for both the early and full season treatments ( Table 11 ). All full season fungicide treatments resulted in more asymptomatic berries and lower total, bitter rot and Macrophoma rot disease scores than the control, myclobutanil, and myclobutanil alternated with tebuconazole treatments. Within each cultivar, berries receiving the full season treatment of eight applications had more asymptomatic berries and lower total, bitter rot and Macrophoma rot scores than those receiving the early season treatment of four applications. There was not a significant difference in the percentage of asymptomatic berries between the full and early season treatments for the azoxystrobin, tebuconazole, myclobutanil, tebuconazole alternated with azoxystrobin, cyprodinil/fludioxonil mixture alternated with azoxystrobin, or control treatments.
DISCUSSION AND CONCLUSION
Berry rot diseases cause significant reductions in yield and quality of muscadine grapes grown in the southeastern U.S., but these losses may be reduced significantly by fungicide applications. Four studies were conducted to explore the relationship between disease control, berry quality and phytochemical content following full season or early season application fungicides. In each study foliar and fruit diseases were lower in the full season treatment compared to the control, and each fungicide was effective in reducing at least one disease. In each study, some treatments with fewer applications reduced fruit diseases to the same level as the full season treatment. In the first study, both the full season treatment of 9 applications applied at 10-days intervals and the azoxystrobin treatment of three applications applied at 30-day intervals resulted in significantly higher yields; lower total berry disease, bitter rot, and Macrophoma rot scores; and more asymptomatic berries than the control treatment. In the second study, four applications of the azoxystrobin, myclobutanil, and the combination fungicide, cyprodinil plus fludioxonil, applied at 30-day intervals were as effective in reducing total berry diseases as the full season schedule of 12 applications of three fungicides alternated at 10-day intervals. The lack of significant differences between foliar and fruit disease ratings of the 'spray' and 'no spray' treatments for four of the fungicides (myclobutanil, fenhexamid, tebuconazole, and the combination fungicide, cyprodinil plus fludioxonil) indicates that these fungicides did not move systemically from one side of the vine to the other. This is not surprising since fungicides are generally considered to be locally systemic. In study 3, three fungicides were applied on an alternating schedule every 10 days beginning at bloom and stopping at pre-harvest intervals of 56, 42, 28, 14, 7, 4, 2, 1, and 0 days. There were no significant differences in vine vigor, foliar diseases scores, percentage of asymptomatic berries, or bitter rot scores due to the number of days between the last fungicide application and harvest. In the fourth study, there was not a significant difference in the percentage of asymptomatic berries between the full season treatment of eight applications and early season treatment of four applications for five of the fungicide treatments or in the bitter rot and total disease scores for six of the fungicide treatments indicating that early season applications of these fungicides are as effective in reducing berry diseases as the full season treatment of eight applications. The results of all four studies indicate that fungicide applications be stopped as much as six weeks before harvest without significant effects on berry diseases thus saving the grower money and reducing the effects of the fungicides on the environment.
Studies 1 and 3 also investigated the effect of the fungicide treatments on berry quality and phytochemical content. In Study 1, there were no significant differences in berry size or soluble solid content due to fungicide treatment, but significant differences were found in pH, TA, sugars, acids, and resveratrol levels of berries. Berries receiving the full season, azoxystrobin, and control fungicide treatments had highest level of each of the sugars. Total resveratrol content was lower in the skins of berries from the full season and azoxystrobin treatments than from the control and other fungicide treatments. Berries from the least efficacious treatments for berry diseases had almost ten times as much resveratrol as those from the full season and azoxystrobin treatments.
In Study 3, there were significant differences in the SSC, TA, and SSC:TA ratio of 'Summit' berries from the spray application due to the number of days between the last fungicide application; however, there was not a discernible pattern to these differences. The ellagic acid content was lower in berries from the spray treatment than from the not sprayed and control treatments. Lower levels of ellagic acid were found in berries harvested zero and 56 days after the last fungicide application than from berries harvested at other intervals. There were significant interactions between application type and days before harvest in citric acid, tartaric acid and total acid content, and a general trend of higher organic acid levels in berries from vines that received their last fungicide application a week or less before harvest. The lowest levels of organic acids were from berries that received their last fungicide application a week or more before harvest. Total resveratrol content was more than three times higher in skins of berries that did not receive fungicide sprays than in those that did. The resveratrol levels in the skins of berries from fungicide treatments were very low even if the last fungicide application was 6 or 7 weeks before harvest.
Levels of phytochemicals reported in muscadine grapes vary greatly depending on the cultivar, the part of the berry analyzed, and the analytical method. Marshall et al. [14] y Foliar disease severity rated on a scale of 0 = no foliar symptoms to 3 = severe symptoms. Vine vigor rated of scale of 0 = vine dead to 5 = most vigorous vine. z Means followed by different letters within a column and within cultivar and treatment are significantly different (P = 0.05) based on Fisher's LSD.
found trans resveratrol in the skins of 20 cultivars with levels ranging from 0.0 g/g in 'Alachua' to 66.0 g/g in 'Pollyanna'. Trans resveratrol levels in 'Summit' skins was 6.3 g/g, but the content in both the pulp and juice was 0 g/g. Pastrana-Bonilla et al. [33] reported resveratrol levels of 'Carlos' and 'Summit' in their study to be 0.1 mg/100g in fresh whole fruit and 0.2 mg/100g in the skins. Resveratrol levels reported by Stringer et al. [34] ranged from 2.5 to more than 25 mg/kg in two breeding lines while resveratrol content of 'Carlos' berries was approximately 10 mg/kg. In a comparison of fungicide sprayed and unsprayed vines [26] , the resveratrol content of the skins of unsprayed 'Carlos' berries was 0.33 g/g, 'Noble' was 9.5 g/g, and 'Summit" was 5.8 g/g. Levels of resveratrol reported in this study averaged from 1.8 g/g for 'Carlos' to 14.7 g/g for 'Doreen' and were within the range of that reported in other studies.
Talcott and Lee [15] reported higher levels of ellagic acid in the juice of 'Carlos' and 'Noble' muscadine grapes than in wines made from the same juice, and a much higher concentration of ellagic acid in 'Noble' juice obtained by a "hot press technique" compared to that obtained by a "cold press technique". Lee and Talcott [35] found higher concentrations of ellagic acid in the skins than in the juice or pulp of muscadine grapes and reported a total ellagic acid concentration of 18.3 and 37.5 mg/kg in the juice of ripe 'Carlos' and 'Doreen' berries. Pastrana-Bonilla et al. [33] reported ellagic acid content of fresh whole fruit to be 6.4 and 5.4 milligrams/100 grams for 'Carlos' and 'Doreen', respectively, and the ellagic acid content in the skins of these two cultivars to be 19.7 and 11.7 milligrams/100 grams. Lee et al. [36] reported that 'Noble', a red skin cultivar, had 49.7 mg/kg of free ellagic acid compared to 13.5 mg/kg in the bronze skinned 'Doreen'. Marshall et al. [14] found ellagic acid in all 21 cultivars analyzed with total ellagic acid levels ranging from 500 g/g in 'Alachua' to 5,555 g/g in 'Southland'. Total ellagic acid content in 'Summit' was 1630 g/g in the skins, 25 g/g in the juice, and 22 g/g in the pulp. Stringer et al. [34] reported a range of ellagic acid in their study from at low of 11.5 mg/kg in 'Carlos' to a high of 49.0 mg/kg in a numbered breeding line. Total ellagic acid content in the two bronze cultivars in this study was consistent with prior studies and averaged 34.0 g/g for 'Doreen' and 40.8 g/g for 'Summit'.
The flavor of grapes is determined by taste components, predominantly sugars and acids, and the balance between SSC and TA [37] . The levels and ratios of sugars and acids reported for muscadine grapes have been variable. Lamikanra et al. [38] reported that the major organic acids in muscadine grapes were succinic, tartaric and malic acids with the highest acid content in the skins and the lowest in the seeds. In a comparison of 20 cultivars Striegler et al. [39] found the highest level of soluble solids in three black skinned cultivars, 'Ison', 'Supreme', and 'Southern Home'. Fruit size and SSC reported in their study was 3.7 grams/berry and 17.0% for 'Carlos'; 3.7 grams/berry and 14.9% for 'Doreen', and 6.6 grams/berry and 18.3% for Summit'. They concluded that "press" material (the residue left after the juice is removed) offers the best potential source of nutraceutical compounds from muscadine grape. Size and SSC of muscadine grapes in this study averaged 4.8 g/berry and 12.5 % for 'Carlos', 5.1 g/berry and 16.9% for 'Doreen', and 9.8 g/berry and 15.3% for 'Summit'. Fruit size for all three cultivars in this study was larger and the SSC was within + 4.5% of that reported by Striegler et al. [39] .
The data from these four studies indicate that the number of fungicide applications required for control of muscadine grape diseases can be reduced without an increase in berry rot disease severity. The most effective fungicides reduced berry diseases with as few as four applications compared to 12 applications in the full season schedules. Fungicides that controlled berry disease had an effect on berry quality including lowering the content of the beneficial phytoalexin, resveratrol.
